Total nuclear proteins extracted from cell lines representing various stages of differentiation of mouse B lymphocytes were studied by computer analysis of twodimensional gels. Of the 1438 spots present on the gels, 55 varied significantly in intensity during differentiation. The variations occurred most often in steps correlating with those classically defined for B-cell differentiation. Seventeen spots were not detectable in at least one of the stages (qualitative variations) and could represent switching on or off of genes coding for nuclear proteins. Detailed analysis of the 55 variable spots showed that they fall into small sets characterized by similar expression profiles, which argues for a combinatorial, multistep control mechanism of gene expression. In addition, analysis of the expression of all the nuclear proteins resolved on the gels clearly differentiated B-lineage cells from myeloid cells and suggested that the most important transition in B-cell differentiation occurs between the resting B cell and plasmocyte stages.
Differentiation can be thought of as the acquisition of specialized functions required by complex organisms, which implies that sets of proteins are activated or repressed in each differentiated cell type. As the specific expression of proteins is most often correlated with changes in the gene transcription rate, the question of differentiation can be thought of largely as a problem of transcriptional control. The focus shifts, therefore, to the study of control of gene expression during differentiation. The transcriptional control is generally thought to be mediated by nuclear proteins that bind to regulatory sequences and activate or inactivate transcription. In some model systems (e.g.,-immunoglobulin genes), some of these proteins are known (1) . However, little is known about the total extent of the modifications in gene expression upon differentiation and especially on the variations in proteins involved in control of gene expression.
We chose to study control of gene expression by a global approach-i.e., the analysis of total nuclear proteins during differentiation. Qualitative or quantitative variations should correlate with subsequent stages of the differentiation process studied and might give information on proteins controlling gene expression. Of the currently available techniques, two-dimensional (2D) gel electrophoresis is best suited for such a global study of protein populations. This approach has been applied to total cell-protein populations mainly for typological studies (2) or to identify polypeptides varying upon transformation (3, 4) or during the cell cycle (5) . With the recent development of computerized 2D gel processing (for review, see ref. 6 ) a more complete analysis of the information obtained from 2D gels and the construction of protein data bases is now possible (7) . We have, therefore, used computer-analyzed 2D gels to study the variation in nuclear-proteins populations during B-cell differentiation, which is a well-defined multistep process with the developmental stages corresponding to successive changes at the immunoglobulin locus. These are (i) rearrangement of the immunoglobulin heavy-chain gene and expression of a cytoplasmic g chain (pre-B stage), (ii) rearrangement of the immunoglobulin light-chain gene and expression of a membrane immunoglobulin (resting B cell stage), and (iii) secretion of immunoglobulin molecules (plasmocyte stage). The analysis of nuclear proteins in cell lines representing these three main stages leads to the construction of a data base that allows the study of variations in nuclear proteins during B-cell differentiation.
MATERIALS AND METHODS
Cell Lines. The main features of the cell lines used in this study are summarized in Table 1 . Two lines were used for the pre-B cell, plasmocyte, and macrophage stages, and one line for the resting B cell stage. An Abelson-virus-transformed macrophage line (RAW 8.1) was included as a control of the effect of viral transformation because this virus was used to immortalize the pre-B cells.
Cells were cultured in RPMI 1640 medium/10% fetal calf serum/50 ,uM 2-mercaptoethanol.
Nuclear Protein Preparation. Nuclei were isolated by a modification of a published method (14) . Briefly, the cells (5 x 107) were rinsed with phosphate-buffered saline, and swollen at 00C in 4 ml of buffer A (10 mM Hepes KOH, pH 7.5/1 mM dithiothreitol/1 mM spermidine/0.25 mM spermine/0.5 mM EDTA/10 mM KCl/25% Percoll) supplemented with 2 ug of melittin (Serva) per 106 cells. The cells were lysed after 10-15 min by passing them through a syringe fitted with a 0.5-mm-diameter needle. The cell suspension was centrifuged at 1000 x g for 3 min, giving a pellet of nuclei and a deposit of debris at the top of the Percoll cushion. The nuclei were washed with 2 ml of buffer B (10 
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2D Electrophoresis and Computer Analysis. 2D electrophoresis was done as described (15) . Two gels corresponding to different cultures were selected for each cell line (except RAW 8.1, one gel) on the basis of the quality of the autoradiograms and then submitted to computer analysis by using the HERMES software package (6) . Of the computer techniques used, principal component analysis (PCA) and variance analysis deserve some comments. PCA is a computational technique suitable for studying the patterns of distribution of objects characterized by a set of variables. Starting from the data matrix (n gels x m spots in our case), the n x n correlation matrix is computed. From this correlation matrix, n axes (the principal components) are computed, in such a way that most initial information is carried by the minimal number of independent axes. This reduction in complexity of the representation allows easier study of the distributions, and some applications of this technique in the field of 2D-electrophoresis analysis have been described (2, 16, 17) .
Variance analysis is used to select spots with statistically significant variations under different biological conditions. Gel sets corresponding to the various conditions studied are first defined. The mean value of spot volume and variance is calculated for each set. A statistic test to a given marginal error (in our case 5%) is then performed to determine the statistical value of the variation in the mean spot volume between the different sets.
RESULTS
Global Analysis of the Gels. As we wished to detect variations occurring even on rare nuclear proteins, we first assessed the sensitivity of our technique. Typical gels are shown in Fig. 2 , containing more than 1000 spots each. The smallest spots have a volume' of =5 arbitrary units, whereas the sum of all the spot volumes gave a value of 1-2 x 10$ arbitrary units. We are thus able to detect proteins present at 0.005% of the initial load and could, therefore, expect to detect trans-acting factors, which are estimated to represent 0.01-0.1% of the nuclear proteins (18, 19) .
Computer analysis was performed on 13 gels containing 1000-1200 spots each. The master image (i.e., the union of all gels of the series) contained 1993 spots. Of these, 1438 were high-quality spots (7)-i.e., spots found in a reproducible manner in gels corresponding to the same biological situation. This increase in spot number in the master compared with individual gels is due to gel variability, and our values are comparable' to those obtained by other groups using the same technology (4, 7, 20 PCA was used for defining the relatedness of gels based on comparison of all spot volumes (2, 17) . The main results of this analysis ( Fig. 1 ) indicate (i) that the macrophage lines are clearly different from the lymphoid lines and (ii) that the gels cluster in three groups except for one marginal gel (MPC1lb).
The first group contains the macrophage lines, the second contains the plasmocyte lines, and the third contains both the pre-B and resting B cell lines. Thus, the 2D pattern of resting B cells resembles more closely the pattern of pre-B cells than that of plasmocytes. This result implies that significant changes in nuclear proteins and thus possibly in the regulation of gene expression occurs between the resting B-cell and secreting B-cell stages.
Detection of Qualitative Changes Occurring During Differentiation. Computerized analysis allowed the identification of spots present only at some stages of the B-cell development (qualitative changes). A display of these stage-specific spots is shown in Fig. 2 . The volumes of the spots varied from 10 (spot 1610) to 519 (spot 776), which represent an abundance of 0.02-0.5% of the nuclear proteins. It cannot, of course, be excluded that these proteins are present in lines scored as negative, albeit at extremely low concentrations. Because the detection threshold for a spot volume is 5, the minimal induction can be estimated from 2-fold (spot 1610) to 100-fold (spot 776).
Two major types of qualitative changes were investigated.
(i) We looked for those spots present in the pre-B cell lines and absent from the plasmocyte and macrophage cell lines. Eleven spots of this type were found. Of these, four spots were also present in the Abelson-transformed macrophage line and are, therefore, probably induced by Abelson virus transformation (data not shown). Two other spots were also present in the resting B cell line, leaving five spots present specifically in the pre-B cell lines. The latter two subclasses of spots are shown in Fig. 2 Left. (it) We looked for spots that are present in the plasmocyte lines but found neither in the pre-B nor macrophage lines. Ten spots fit this expression profile, ofwhich four were also absent from the resting B-cell line (Fig. 2 Center). The characteristics of the 17 spots showing a stage-specific expression are summarized in Table 2 . From these data, it is possible to calculate the qualitative divergence in nuclear protein population occurring at the pre-B/resting B cell and resting B cell/plasmocyte transitions and the total divergence between pre-B cell and plasmocytes. This divergence can be represented in two ways. The first one is simply to consider the number of spots that represents genes being switched on or off. There are 11 switches (5 off, 6 on) at the pre-B/resting B cell transition and 6 (2 off, 4 on) at the resting B cell/plasmocyte transition, with a consequent total divergence of 17 (7 off, 10 on). Compared with the 1438 high-quality spots, these figures represent, respectively, 0.7%, 0.5%, and 1.2% of the spots. The second way to calculate divergence considers the intensity of the spots, and the divergence is, in fact, the sum of the volume of spots that are qualitatively induced or repressed divided by the sum of the volume of all spots. Calculated in this way, divergence at the pre-B/resting B cell A variance analysis test was used to detect significant changes in spot intensities. The minimal changes selected by this method were a 1.5-fold and a 2-fold decrease during differentiation (spots 673 and 1291), whereas most changes were -5-to 10-fold. Fig. 3 shows the results obtained with such an approach. The nuclear proteins with statistically significant changes during B-cell differentiation can be grouped into four main classes. Classes A and B contain spots that are weakly or not expressed in the macrophages lines and either decrease (class A) or increase (class B) during B-cell differentiation. These two classes contain, respectively, 25 and 12 spots and can be further split according to the detail of the expression profiles (Fig. 3) .
Classes C and D group spots which are, respectively, induced or repressed during B-cell differentiation and present at a high level in the macrophage lines. Thus, class D contains spots induced in plasmocytes and macrophages compared with pre-B and resting B cells. Conversely, class C contains spots repressed in plasmocytes compared with B precursors and exhibiting a strong expression in macrophages. Possible interpretations of the existence of these two classes are discussed below.
Finally, these results allow estimation of the proportion of nuclear-protein population varying upon differentiation. The 55 spots selected by the quantitative analysis (which include the previously described qualitative variations) represent -4% of the high-quality spots (1438 spots) and 5% of the mean gel population (1100 spots per gel). in nuclear protein between these three stages. We addressed this question by using computer-aided 2D electrophoresis and identified groups of nuclear proteins that undergo significant variations during B-cell differentiation. In addition, PCA revealed a major split in terms of nuclear-protein populations between myeloid and lymphoid cells, a division of the lymphoid cell set in a subset of plasmocytes, and a subset of pre-B and resting B cells.
DISCUSSION
Our results suggest that the main alterations in global nuclear-protein pattern occur at the resting B cell to plasmocyte transition. However, more resting B cell lines need to be analyzed to confirm the strikingly close relationship observed between pre-B cell and resting B cells. This result can be correlated with the physiology of B lymphocytes. Plasmocytes are characterized by a very high rate of secretion of immunoglobulins and a corresponding hypertrophy of the secretory organelles (reticulum and Golgibody). This fact may explain the major differences seen when compared with less differentiated cells, which have a less active secretory apparatus. Further evidence for such a hypothesis comes from spots that are induced during the differentiation of B cells and are also strongly expressed in macrophage lines (class D), which also have an active secretory apparatus. Because there are only five spots in class D, it is unlikely that these could arise from a massive contamination of the nuclear sample by microsomes, in which case many more spots would be expected. Therefore, the global changes seen in nuclear-protein patterns at the resting B-plasmocyte transition might be linked, at least to some extent, to major changes in cell physiology.
Interestingly, the PCA result cannot be explained by simple changes. Indeed, there is an apparent discrepancy between the grouping of resting B cells with pre-B cells and the fact that the pre-B cell to resting B-cell transition seems to involve a greater number of qualitative or strong quantitative changes than the resting B cell to plasmocyte transition. It would, therefore, appear that the major changes occurring between resting B cells and plasmocytes are not simply qualitative or strong quantitative changes but rather a whole set of weak quantitative changes, detectable by the PCA analysis but not by more classical selection techniques.
Another important observation is the relationship between B lymphocytes and macrophage precursors, highlighted by the spots grouped in class C. This result is consistent with the finding that some precursor cell lines can exhibit both pre-B cell and myeloid characteristics (21) . Further evidence for the proximity between the two lineages has come from the in vitro conversion of pre-B leukemia cells into macrophages (22) . The existence of a group of nuclear proteins that are highly expressed in both macrophages and pre-B cell lines and whose expression decreases during B-cell differentiation (class C) might be interpreted as corresponding to proteins expressed at a basal level in precursor cells and linked to some specialized macrophage function, thus explaining their induction in macrophages and their repression in plasmocytes.
A remarkably small number of nuclear proteins having a truly stage-specific expression (qualitative changes) were detected in this study. This means that the divergence between pre-B cells and plasmocytes at the level of nuclearprotein expression is extremely low. Depending on the method used to calculate this divergence, values of 1.2% (divergence in protein species) or 1.9% (divergence in protein amounts) were obtained. A very small number of changes in nuclear proteins were also detected in another study (23) , which dealt with Friend cell differentiation. To check whether some of the classical nuclear markers of B-cell differentiation could correspond to proteins identified by our analysis, we chose three markers, RAG1 (24), RAG2 (25) , and OTF2 (26) . A fourth classical marker, NF-KB, is present in both mature B cell and macrophage lines (27) , so that it cannot appear in the highly specific spots, as they were selected also by their absence from macrophages. For OTF2 and RAG1, the calculated isoelectric points were >9, which preclude their entry in standard 2D gels and limits their detection to nonequilibrium gels that lack the reproducibility required by a computer analysis. However, it should be stressed that one of the five pre-B-cell-specific spots may correspond to RAG2 protein, which is implicated in the activation of immunoglobulin gene recombination (25) . From the cDNA sequence of the gene, a molecular mass of 58 kDa and an isoelectric point of 5.5 were calculated. These biochemical coordinates are in accordance with those of the pre-B-cell-specific spot number 1610 (pI 5.5, 57 kDa, and mean abundance in pre-B nuclei of 0.01%).
Recently, a differential cloning between pre-B cells and plasmocytes has been reported (28) . The markers cloned in the latter study included both cytoplasmic and nuclear proteins. In addition, many markers were not highly pre-B-cell specific. For example, 8 of 16 are also expressed in the spleen and are, therefore, likely to be expressed in macrophages. This agrees with the close relationship we detected between macrophages and B-lineage cells, at least at the level of nuclear proteins.
The low number of highly specific nuclear factors in B-cell differentiation is to be related to the more general problem of the control of gene expression during differentiation. Recent results obtained for myogenic differentiation showed that the expression of a single master gene is sufficient to trigger myogenic determination (29) or the onset of differentiation (30) . The question that immediately arises is how the expression of a single protein activates so many genes. It is commonly accepted that these master proteins will alter the synthesis of intermediate regulatory proteins, which will, in turn, alter the expression of the target genes. This kind of cascade (hierarchical regulation) can, of course, contain one or several levels of intermediate regulatory proteins (29) . The logical prediction from such a model is that small sets of regulatory proteins, showing large variations in their expression during differentiation, exist. The fact that we found such small sets of differentiation-variable nuclear proteins (classes A-D in Fig. 3 ), representing <5% of the nuclear-protein population, argues for a hierarchical control model.
Furthermore, the remarkably low number of nuclear proteins showing an on-off variation upon differentiation in our system (17 proteins) implies that the changes occurring in gene transcription during a differentiation process will be triggered not only by highly stage-specific nuclear proteins but also by small variations in the concentration of factors shared by several stages and/or cell types. This is in agreement with recent data showing that transcription factors active for highly specifically expressed genes can also be found in cell types that do not express these genes. For example, active NF-KB transcription factor is also present in mature macrophages (27) , which do not synthesize immunoglobulins. The specificity of expression observed may thus arise not only from the gene and cell-specific transcription factors but from the coordinate presence of factors of restricted specificity (such as NK-KB) and/or highly specific factors. This combinatorial model (31, 32) easily explains why only a very small number of highly specific factors may be required to ensure the specific expression of several genes and, thus, why we found so few nuclear proteins with a highly specific expression. The fact that, in our system, the plasmocyte stage is clearly separated from the pre-B and resting B-cell stages without appearance or disappearance of many nuclear proteins fits this model and shows, moreover, that coordinate subtle quantitative changes, detectable as a whole through the PCA analysis, may be at least as important as qualitative changes in nuclear proteins.
Moreover, this model throws some light on the observed conversion from pre-B cell to myeloid cell (21, 22 
